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Protected Areas (PAs) are a main conservation tool to halt biodiversity loss. However,
their performance has been often questioned and the need to improve their effectiveness
is now more apparent than ever. Here, we propose Roadless Areas as a conservation
target to increase the cover and effectiveness of PAs. Roadless Areas represent natural
and semi-natural areas of high conservation value that have no or little traffic and provide
multiple ecosystem services. Here, we develop a methodological framework to identify
Roadless Areas in Europe and assess their spatial properties and conservation status.We
examine how the European Union’s conservation network, Natura 2000, would expand
if Roadless Areas that are already partially included in Natura 2000 terrestrial sites or are
adjacent to them would be added to the existing conservation network. We find that
European lands are highly fragmented. Roadless Areas are unevenly distributed, and
cover more than 30% of the European Union territory, with large Roadless Areas (≥100
km2) occupying about 18% of that surface. At the national level, there is a large variation
in the percentage of overlap between Natura 2000 sites and Roadless Areas, with the
Natura 2000 network currently encompassing between 19 and 89% of the Roadless
Areas surface, depending on the member state. Our results demonstrate that Roadless
Areas adjacent to Natura 2000 sites cover >65% of the total Natura 2000 surface. As
Roadless Areas have limited human access, we suggest integrating Roadless Areas
into biodiversity conservation networks as a timely solution to minimize conflicts over
expanding PAs in the European Union and to achieve the goals of the European Union’s
2020 Biodiversity Strategy.
Keywords: road-free areas, road system, green infrastructure, integrated biodiversity policy, EU 2020 biodiversity
targets, protected areas
INTRODUCTION
Despite local conservation success stories and the growing public and government interest, global
biodiversity seems to be continuously in decline (Butchart et al., 2010; Pimm et al., 2014). Protected
Areas (PAs) networks form themost important conservation tool to tackle this decreasing trend, yet
their effectiveness has also been questioned (Rodrigues et al., 2004). The need to expand existing
PAs has become an environmental issue of vital importance (Brooks et al., 2006; Watson et al.,
2014), particularly under current climate change, which is expected to decrease habitat suitability
for many species, including inside PAs (Araújo et al., 2011; Mazaris et al., 2013).
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Over the last decades, the amount of land and sea designated
as PAs has increased but their effectiveness has not been
guaranteed (Pimm et al., 2014). A main obstacle to enhance the
coverage and effectiveness of PAs networks reported in literature
is the lack of political will (Watson et al., 2014; Kati et al., 2015).
At a global scale, the location of PAs is biased toward lands
with low economic value, such as areas at high altitudes, steep
and remote or unsuitable for agriculture, where land conversion
pressures are unlikely (Joppa and Pfaff, 2009). This location bias
highlights the influence of conflicts on conservation design and
planning (Margules and Pressey, 2000). A realistic and efficient
solution for the expansion of the current network of PAs would
requireminimizing such conflicts (Grodzinska-Jurczak andCent,
2011) and building upon existing knowledge and capacity of
the established PAs (Rodrigues et al., 2004). In cases where
further expansion of PAs is difficult to achieve, efforts toward
enforcement of protection and effective implementation of the
law should be augmented in the existing PAs (Jenkins and Joppa,
2009).
Here, we propose Roadless Areas (RAs) as a timely
conservation target to increase the coverage of PAs. RAs are
defined as natural and semi-natural areas where roads are absent
or that have few roads with low traffic (Selva et al., 2011; van
der Ree et al., 2011). They are considered as areas of high
conservation value because they are relatively undisturbed by
humans (Selva et al., 2011, 2015; Ibisch et al., 2016). Given that
human access to RAs is limited, conflicts related to land use
practices or to shifts in protection regimes are expected to be
minor. The first official and successful attempt to protect RAs
occurred more than 50 years ago, within the framework of the
USA Wilderness Act from 1964 (Nie and Barns, 2014). Later,
the RAs Conservation Rule, implemented in 2001, protected
24 million ha in the US Forest Service from further road
development. The inclusion of RAs into conservation networks
has been shown to enhance connectivity by acting as buffer zones
to protect pristine areas, and by providing species with corridors
or stopover areas during migratory and dispersal movements
(Crist et al., 2005). RAs also support populations of species
that have large spatial requirements and are sensitive to human
disturbance (DeVelice and Martin, 2001; Torres et al., 2016).
Large RAs are more resistant to invasions by exotic species, more
resilient to extreme weather events, and contain more functional
ecosystems than roaded areas (Selva et al., 2011, 2015; Ibisch
et al., 2016). RAs provide numerous benefits to biodiversity, thus,
the preservation of the remaining lands still unfragmented by
roads is of particular relevance in highly fragmented continents
like Europe.
The Natura 2000 is a network of PAs which forms the
centerpiece of the environmental strategy in the European Union
(EU) and is established under the Birds and Habitats Directives
(2009/147/EC and 92/43/EC). It is implemented by each member
state and often works in combination with nationally designated
PAs (Evans, 2012). The Natura 2000 terrestrial component covers
18% of the EU and includes 26,533 sites across 27 countries
(European Commission, 2016a). Despite the debates about
Abbreviations: PA, protected area; RA, roadless area.
Natura 2000 implementation and effectiveness (Alphandéry and
Fortier, 2001; Kati et al., 2015), the establishment of the network
has been shown to bring positive effects for European biodiversity
and be a proper tool to deal with the biodiversity crisis (Donald
et al., 2007; Gamero et al., 2016). The recent evaluation of the
effectiveness of the Birds and Habitats Directives launched by
the European Commission concluded that they remain relevant
for tackling the key pressures on habitats and species, but
there is continued need to promote solutions that optimize the
accomplishment of the Directives conservation goals (European
Commission, 2016b).
In this study, we explore the potential role of RAs to support
the Natura 2000 network and provide quantitative information
on the spatial gains of the current conservation network after
a potential integration with RAs. Despite the fact that Europe
contains one of the largest networks of PAs in the world and has
strong environmental consciousness (Jordan, 2005), European
conservation policies have not yet taken RAs into account. We
quantify and assess the features of RAs in the EU and examine
the spatial properties of the PAs network after the incorporation
of RAs. In particular, we (a) identify terrestrial RAs and their
distribution in the territory of the EU; (b) investigate how RAs
are spatially distributed in relation to conservation sites of the
Natura 2000 network; and, (c) design an integrated network of
RAs and PAs and assess its spatial properties and benefits.
MATERIALS AND METHODS
Our analysis included the EU territory in 2013, with 27 Member
States (4,290,148 km2, Figure 1, Supplementary Table 1). We
derived data on the spatial extent of the road network in Europe
from OpenStreetMap contributors from 2014 (Geofabrik GmbH
and OpenStreetMap Contributors,1), which is an international,
non-profit foundation that provides continuously updated maps
of high accuracy, generated by citizen science (Neis and Zipf,
2012). The database includes a wide range of road categories—
from motorways to paths and sidewalks. The road network used
in our study included eight road categories: motorway, primary,
secondary, tertiary, motorway link, primary link, secondary link,
and tertiary link (Supplementary Table 2). We excluded road
categories that were considered as roads of low intensity or
traffic (<1000 vehicles/day) following previous studies at country
level in Europe (Ande˘l et al., 2005; Cˇizmic´ and Dragosavac,
2010; Selva et al., 2011; Department for Transport (Dft), 2016).
Although these low-traffic roads could contribute to landscape
fragmentation, their impact on habitat permeability, and wildlife
movements is rather limited (Iuell et al., 2003; Selva et al.,
2011).
To identify RAs, we established a threshold distance of 1 km
from the selected road system, and thus, exclude all “roaded”
areas occurring within this distance, as they represent the zones
most intensively disturbed by roads. Some studies have applied
smaller threshold distances to identify RAs to examine road
effects on specific taxa (Forman, 1997; Eigenbrod et al., 2009).
1Geofabrik GmbH andOpenStreetMap Contributors: Data/Maps. Available online
at: http://download.geofabrik.de (accessed February 20, 2014).
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FIGURE 1 | Distribution of Roadless Areas that are larger than 100 km2 (n = 1962 areas) in the territory of the European Union in 2014.
However, given that the spatial extent of some road impacts
is of several kilometers, the distance of 1 km is suggested
as appropriate for analyses at the landscape level (Benítez-
López et al., 2010; Freudenberger et al., 2013; Ibisch et al.,
2016).
We used the CORINE Land Cover 2000 database (Copernicus
Land Monitoring, Services, 2015) to identify landscape
composition. CORINE Land Cover provides spatial information
for Europe’s land use cover categorizing it in five main classes:
artificial surfaces, agricultural areas, forests and semi-natural
areas, wetlands and water bodies (European Environmental
Agency, 2014). For our analysis, we only retained areas that were
classified as forests and semi-natural habitats or as wetlands
(Selva et al., 2011; van der Ree et al., 2015). Other land cover
classes, such as large water bodies, were not included since we
were interested in identifying terrestrial RAs.
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Applying the 1 km buffer mentioned above, we identified
a large number of road-free patches (n = 358,249; covering
≈32% of the EU surface) which fulfill the land use criteria
(Supplementary Figure 1). We assess the size distribution of
RAs (≥1 km2). Then, we selected a threshold of 100 km2
to further identify RAs large enough to individually support
effective biodiversity conservation and functional ecosystems
(Joppa et al., 2008; Selva et al., 2011). This threshold has already
been used in similar studies in order to define road-free areas in
Germany and Czech Republic (e.g., Ande˘l et al., 2005; Bundesamt
für Naturschutz, Federal Agency for Nature Conservation, 2008;
Selva et al., 2011). The distribution and size of RAs in the EU
were quantified. Finally, we overlapped the maps of RAs and
PAs (European Environmental Agency, 2012) to investigate the
spatial relationship between RAs and the Natura 2000 sites.
We calculated the surface of RAs that fell within the Natura
2000 network, and that was, therefore, protected, as well as the
surface of RAs adjacent to Natura 2000 sites that could be added
to the existing network of PAs (Supplementary Figure 2). All
calculations were performed using GIS 10.1 (ArcGIS R© software
by ESRI).
RESULTS
We identified 65,000 RAs which were equal or larger than 1 km2
(Supplementary Figure 1). However, the mean size of RAs ≥
1 km2 was highly variable (mean: 20.7 ± 292 km2), and with
a most frequent size of about 3 km2 (median: 3.3 km2). These
RAs ≥ 1 km2, cover 31% of the terrestrial surface of the EU and
were found throughout the EU, with many small RAs occurring
in central Europe, while large RAs were mainly located on the
periphery of the EU (e.g., northern Scandinavia, northern UK,
Iberian Peninsula; Supplementary Figure 3).
The number of RAs decreased exponentially with increasing
patch size (Figure 2, Supplementary Figure 1). We found that
1962 RAs were larger than 100 km2, covering 18.5% (793,287
km2) of the terrestrial surface of the EU. The largest RA was
FIGURE 2 | Size distribution of Roadless Areas that are larger than 100
km2 (n = 1962 areas) in the European Union territory in 2014.
found in the border region of Sweden and Finland (covering
59,225 km2), followed by RAs occurring in northern Sweden,
northern Finland, and northernUK (covering 21,410, 20,867, and
17,443 km2, respectively). The average surface of RAs larger than
100 km2 in the 27 studied countries was 404.3 km2 (SD: ±1632
km2). Sweden had the largest percentage of RAs in relation
to its surface (55.9%), while Germany had one of the smallest
percentages of RAs coverage (1.3%). We also found that the
five smallest countries in Europe, namely Belgium, Denmark,
Luxemburg, Malta, and the Netherlands, had no RAs larger than
100 km2 (Figures 1, 3, Supplementary Table 1). We identified a
total of 174 transboundary RAs, which represented only 9% of
the RAs identified, but 29% of the RAs surface (228,361 km2). On
average, transboundary RAs were larger in size (mean± SD: 1312
± 5083 km2, median: 329 km2) than RAs within one country.
The percentage of RAs surface that is currently protected
within the Natura 2000 network is 35.5%. The degree of
overlap between RAs and Natura 2000 sites highly varied across
countries, ranging from 19.3% in Sweden to 89% in Cyprus.
Interestingly, the three countries with the largest percentage of
total RAs coverage (Sweden, Finland, and Austria) had the lowest
overlap of RAs with Natura 2000 sites. These countries, along
with the UK, could significantly expand their PAs network if
RAs would be added (Supplementary Table 1, Supplementary
Figure 4). The expansion of the network by adding adjacent
RAs was minimum for Hungary and Poland (3% increase) and
maximum for Sweden (310% increase; Supplementary Table 1).
FIGURE 3 | (A–D) Distribution of the Open Street Map road network (blue),
Roadless Areas larger than 100 km2 (RAs, violet gradient) and Natura 2000
sites (yellow) in four EU countries: Sweden (A), Germany (B), the Netherlands
(C), and Cyprus (D). The spatial overlap between RAs and Natura 2000 sites
is indicated in orange.
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In general, the Natura 2000 network could be enlarged by 66%
through the inclusion of adjacent RAs; this would mean that
the total area of the EU dedicated to biodiversity conservation
would reach 1276 thousand km2 then (∼30% of EU’s terrestrial
surface).
DISCUSSION
We proposed and tested a comprehensive framework for
addressing the integration of RAs in Natura 2000, the established
conservation network in the EU. First, we showed that RAs
cover only 18.5% of EU territory and highly varied in size and
geographical location; most roadless patches were very small in
size. Second, we demonstrated that the enlargement of the EU
conservation network could be achieved by designating RAs as
protected sites, or by incorporating adjacent RAs into existing
sites of the Natura 2000 network, which would increase the
protected land up to almost 30% of EU’s surface.
Transboundary regions contained many of the large RAs
identified, while such large RAs are practically absent from
central Europe. Though certain countries, like Germany
and France, have effectively adopted EU environmental
policies and fulfilled all their international nature conservation
commitments (Égert, 2012), they are highly fragmented, which
may compromise goals such as the ecological integrity of
Natura 2000 sites (Selva et al., 2011). The intense land use and
infrastructure development of most areas in central Europe
since the eighteenth century is partly due to its low elevation
and mild climatic conditions that have facilitated successful
agriculture (Antrop, 2004). Europe is highly fragmented by
transport infrastructure; half of the continent is within 1.5 km
from a paved road or a railway line (Torres et al., 2016), thus,
leaving not many remote areas that can be characterized as
RAs (Figures 1, 3, Supplementary Figure 1). Fragmentation
constrains the effectiveness of EU’s conservation policies (Pullin
et al., 2009) and, therefore, it is important to establish and
promote measures that halt fragmentation and its impacts. Such
measures include bundling of transport routes and the creation
of wildlife corridors (van der Ree et al., 2015), and even the
implementation of a principle of No-Net-Loss of unfragmented
lands as a compensation measure (Selva et al., 2015). Similar
measures have been recently identified, prioritized, and adopted
by the EU Green Infrastructure strategy (Lafortezza et al., 2013).
Landscape fragmentation caused by transport infrastructure
may be only partially mitigated, and its impacts can be entirely
avoided only in areas where roads are completely absent, i.e.,
by the protection and restoration of RAs (Laurance et al., 2014;
IENE, 2015; Ibisch et al., 2016). There are already ∼5 million
km of roads in the EU (van der Ree et al., 2015), including the
Trans-European Transport Network, which is planned to reach
more than 170,000 km of road length by 2030 (Teodorovic
and Janic, 2016; 75,000 km of roads in 2005; Tillmann, 2005).
Given the magnitude of road expansion in the near future,
with 25 million km of new roads in the world planned by 2050
(Laurance et al., 2014), RAs conservation should be a top priority
at national, continental, and global scale (Selva et al., 2011;
Laurance et al., 2014; Ibisch et al., 2016).
In many cases, PAs are located in remote or unproductive
areas, which are inaccessible due to the lack of road infrastructure
(Joppa and Pfaff, 2009). Their designation has prevented them
from degradation caused by road impacts, thus, keeping them
road-free. Nevertheless, there are cases of PAs where roads
already existed and are retained to support local communities
and tourism (Eagles et al., 2002). Although road development
projects within the boundaries of PAs are usually limited, road
removal is also an option to be seriously considered in cases of
unneeded and ecologically damaging roads (Eagles et al., 2002;
Selva et al., 2015). Road reclamation has an environmental impact
as well; however, when combined with restoration treatments, it
brings significant long-term benefits like a reduction in chronic
erosion (Switalski et al., 2004). Large mammals and fish are also
known to react positively to road reclamation, while vegetation
and soils can develop more rapidly and sequester larger amounts
of carbonwhen roads are decompacted during reclamation (Selva
et al., 2015; van der Ree et al., 2015). Policy makers and land
managers could use the results of this study to avoid further
dissecting the existing RAs and determine potential targets for
road optimization. Re-routing and/or removal of unneeded and
ecologically damaging roads would also increase the size of
RAs, and restore landscape-level connectivity. In cases of RAs
which contain low-traffic roads, as the ones identified in this
study, implementing speed and traffic volume limitations are also
measures that could be considered in order to minimize road
impacts (Selva et al., 2015).
The establishment of PAs systems aims at the conservation
of species, habitats, and landscape-level processes and requires a
careful identification and design process (Margules and Pressey,
2000). The designation of Natura 2000 sites is based on the
presence of priority habitats and species; however, conservation
targets should move from the traditional focus on species and
habitats and consider more holistic approaches, which include
ecosystem processes, functions, and integrity (Selva et al., 2011).
In this sense, RAs represent a perfect proxy for ecosystem
functionality; yet, this feature is not characteristic for most
European PAs (Ibisch et al., 2016). The large variation in
the percentage of RAs overlap with Natura 2000 sites across
EU countries may also be indicative of the different criteria
and methodological approaches applied during site designation
(Palang et al., 2006).
In Europe, the designation of new PAs is needed to
mitigate climate impacts to biodiversity and guarantee biological
diversity persistence in the future (Araújo et al., 2011). The
Habitats Directive sufficiency assessment, which was completed
in 2013, concludes that not all EU member states reached
their Natura 2000 targets and, therefore, further terrestrial
PAs designations are needed (e.g., Cyprus, Austria, Slovakia;
European Commission, 2016a). In combination with our study,
this assessment could pinpoint cases where RAs prioritization
could support conservation goals. For instance, the Natura
2000 network in Austria is considered to be far from complete
(European Commission, 2016a), and RAs could support the
Natura 2000 network’s enlargement. However, in cases like
Cyprus, where most RAs are already located within the Natura
2000 network (Figure 3, Supplementary Table 1), RAs could
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play only a minor role in future designations and conservation
policies. Furthermore, the southern countries of the EU (e.g.,
Spain and Greece) are of particular conservation value, as
the Mediterranean basin is a biodiversity hotspot of global
importance (Myers et al., 2000), and still contain a considerable
number of large RAs (Figure 1). In these biodiversity hotspots,
RAs alone could be considered as a priority conservation target.
The integration of RAs with the Natura 2000 faces the same
constraints as the establishment of any system of PAs, such
as the needs of local communities (Alphandéry and Fortier,
2001) and the political will, which may not be concordant with
the expansion of PAs (Grodzinska-Jurczak and Cent, 2011).
However, this concept of conservation networks’ enlargement
has been supported by the EU 2020 biodiversity strategy, which
includes for instance actions toward preserving wilderness areas
(European Commission, 2011). The inclusion of wilderness areas
in World Heritage Sites has also been proposed as a way to
effectively protect their ecological integrity (Kormos et al, 2016).
In addition, the actions included in the EU biodiversity strategy
are supported by Article 10 of the Habitats Directive which calls
member states to promote land-use planning and development
policies that strengthen the coherence and resilience of the
Natura 2000 network. Given the level of fragmentation in Europe
(Torres et al., 2016; this study), RAs should be prioritized for
additional protection in order tomaintain landscape connectivity
(Belote et al., 2016). Roadless areas, when added to existing
PAs in the northern Rocky Mountains (USA), enhanced overall
landscape connectivity by creating a larger and more cohesive
system of PAs, by reducing isolation among PAs, and by creating a
more dispersed PAs network, important for maintaining species
movements (Crist et al., 2005). The conservation value of some
PAs is currently at risk due to land use changes in surrounding
lands (Martinuzzi et al., 2015) and protecting adjacent RAs may
safeguard their values. Hence, we propose that RAs, as areas
relatively undisturbed by humans, should be adopted as an
alternative means of achieving the EU 2020 biodiversity strategy
targets.
RAs protect biodiversity and ecosystem services, and are of
particular importance in the context of climate change (Selva
et al., 2011, 2015; van der Ree et al., 2015). The lack of large
RAs reveals that wildlife distributions are at relatively close
distances to transportation infrastructure, exposing wildlife to a
number of threats (Torres et al., 2016). In this sense, mammals,
in particular wide-ranging species like carnivores, would benefit
from the protection and restoration of RAs (van der Ree et al.,
2015; Torres et al., 2016). RAs also serve as barriers against
invasive species (Strittholt and Dellasala, 2001; Selva et al., 2011),
preserve the natural and semi-natural habitats of many species,
and their genetic resources (Loomis and Richardson, 2000).
Additionally, RAs help to stabilize the climate through carbon
sequestration and nutrient cycling in forested areas (Loomis
and Richardson, 2000; Selva et al., 2011, 2015) and provide
multiple ecosystem services (e.g., provision of high quality
water and air, erosion control, and recreational experiences;
DellaSala et al., 2011). RAs sustain potential habitat suitable for
a number of species and landscape-level connectivity between
natural habitats, safeguarding native biodiversity (Crist et al.,
2005; van der Ree et al., 2015; D’Amico et al., 2016; Torres et al.,
2016).
Our study supports an innovative way to increase
conservation capacity and efforts. RAs could enhance
continental-scale connectivity, increasing overall coherence,
and effectiveness of the Natura 2000 network. From a policy
perspective, RAs represent a timely conservation tool to support
EU nature conservation policies with minimum conflicts (i.e.,
EU 2020 Biodiversity Strategy, Green Infrastructure) and to
achieve biodiversity conservation targets. Future studies should
address fine or national scale assessments of RAs and their
benefits to biodiversity, as well as the integration of RAs into
nature conservation policy.
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